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KNOX proteins are required for meristem activity in
plants. Recent studies have identified potential
targets of KNOX proteins, and in doing so suggested
a possible mechanism for the generation of different
leaf morphologies.
The aerial parts of most higher plants are generated
from cells at shoot apices which comprise the shoot
apical meristem. The ‘knotted1-like homeobox-contain-
ing’ or KNOX genes are strongly implicated in meristem
function in plants: expression of the class 1 subfamily
of KNOX genes is usually confined to cells of the shoot
apical meristem and is down-regulated in the meristem-
derived cells which are destined to become organs.
Recent studies [1,2] of KNOX target genes in plants
indicate that the repression of gibberellin biosynthesis
plays an important role in promoting meristem activity.
These investigations add to an emerging picture that
KNOX gene function can generate morphological
variety in structures such as leaves [3].
KNOX family proteins are required for shoot apical
meristem activity. Loss-of-function mutations in KNOX
genes can result in meristem arrest, and the mis-
expression of KNOX genes can lead to the formation of
ectopic meristems. Recessive mutants have also been
identified that show a gain of KNOX gene expression;
in most cases, this has turned out to be caused by
mutations in genes that normally repress KNOX gene
expression in developing leaves. For example, in Ara-
bidopsis, ASYMMETRIC LEAVES1 (AS1) negatively
regulates KNAT1 and KNAT2 [4,5]. Interestingly, AS1
does not repress another KNOX gene, SHOOT MERIS-
TEMLESS (STM); rather, STM negatively regulates
AS1. These observations suggest that the expression
of KNOX genes in the shoot apical meristem, and their
repression by AS1 genes, is necessary to distinguish
cells of the shoot apical meristem from those destined
to become leaves.
KNOX genes may also contribute to leaf morphol-
ogy. Misexpression of KNOX genes in developing
leaves can alter leaf morphology, and ectopic KNOX
gene expression in simple leaved plants can result in
leaves with a more complex form. For example, KNOX
genes are expressed in developing tomato leaves that
have a complex form (Figure 1), and further KNOX
misexpression generates leaves with increased com-
plexity. It appears that changes in the expression of
KNOX genes may have contributed to variations in leaf
form in different plants.
Little is currently known about the potential targets
of KNOX proteins. Plant hormones with profound
effects on shoot development have been implicated in
KNOX function, but without a direct link. Recent inves-
tigations have focused on gibberellins [1,2]. Sakamoto
et al. [1] showed that NTH15, a KNOX protein from
tobacco, directly represses the expression of a gene
encoding an enzyme of gibberellin biosynthesis. An
inducible form of NTH15 was made using the
glucocorticoid receptor system [6] to demonstrate that
NTH15 interferes with the step in the conversion of gib-
berellins to their bioactive form catalyzed by the GA20-
oxidase Ntc12. NTH15 binds to a 5 base-pair sequence
within the first intron of Ntc12 to repress transcription.
Between one and three hours after inducing NTH15
activity the levels of Ntc12 mRNA are reduced, leading
to a gradual decrease in bioactive gibberellins over 24
hours. Consistent with these findings, NTH15 and
Ntc12 have complementary expression patterns;
NTH15 is confined to the shoot apical meristem, and
Ntc12 to developing leaves. To show that NTH15 can
repress expression of Ntc12 in vivo, the NTH15 binding
sequence in a Ntc12 transgene was mutated; in the
absence of NTH15 binding, Ntc12 was expressed in an
expanded domain within the shoot apical meristem.
The relationship between gibberellin levels and KNOX
gene expression has also been examined in Arabidop-
sis. As recently reported in Current Biology, Hay et al.
[2] found that the effects of KNOX gene misexpression
could be suppressed by application of exogenous gib-
berellin, or in a mutant background where gibberellin
signaling is constitutive. These results indicate that
KNOX proteins repress gibberellin biosynthesis, rather
than gibberellin signalling. Ectopic KNOX expression in
leaves also represses transcription of AtGA20ox1,
which encodes a gibberellin 20-oxidase. Hay et al. [2]
observed ectopic AtGA20ox1 expression in the shoot
apical meristem of a strong stm mutant, suggesting that
STM negatively regulates AtGA20ox1 to reduce gib-
berellin levels within its normal domain of expression. In
wild-type plants, AtGA20ox1 is expressed in develop-
ing leaves and down-regulated within the shoot apical
meristem, in a similar manner to Ntc12 in tobacco.
Arabidopsis mutants that are defective in gibberellin
biosynthesis do not phenocopy KNOX misexpression
phenotypes, indicating that the control of gibberellin
biosynthesis is regulated by more than KNOX proteins
alone. The Arabidopsis gene PICKLE (PKL), which
encodes a putative chromatin-remodeling factor, may
affect expression of gibberellin biosynthetic genes
independently of KNOX proteins [2]. The phenotype of
a pkl mutant resembles that caused by a defect in gib-
berellin biosynthesis or signaling, and is suppressed
by exogenous gibberellin and enhanced by inhibitors
of gibberellin biosynthesis [7]. Genetic analysis placed
PKL in the gibberellin signal transduction pathway,
because pkl mutations enhance the effects of muta-
tions of gibberellin biosynthesis and signal transduc-
tion. Hay et al. [2] found that, whilst pkl mutations do
not cause ectopic KNOX gene expression, they do
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reduce AtGA20ox1 expression. Further investigations
are required to determine how PKL regulates
AtGa20ox1 expression.
Arabidopsis mutants where gibberellin signaling is
constitutively active do not show obvious shoot apical
meristem defects. Why are KNOX genes required to
down-regulate GA20-oxidase genes? Hay et al. [2]
showed that constitutive gibberellin signaling can have
a negative effect upon the shoot apical meristem.
Weak stm mutants that have a partially functional
shoot apical meristem are enhanced by spindly (spy)
mutations, which cause constitutive gibberellin sig-
nalling, so that stm; spy double mutants lack a func-
tional meristem. This indicates that KNOX genes play
a role in maintaining the shoot apical meristem through
down-regulation of gibberellin biosynthesis.
So KNOX proteins repress GA20 oxidase production
in Arabidopsis and tobacco — but is this conserved in
other plants? Hay et al. [2] investigated this in tomato,
where at least two KNOX genes, Tkn1 and Tkn2, are
expressed within the shoot apical meristem and
developing leaves and contribute to the plant’s
complex leaf morphology [8]. Tkn2 expression is
further up-regulated in the dominant mutants Mouse
ears (Me) and Curl (Cu), resulting in an increase in the
complexity of leaf form. Exogenous applications of
gibberellin reduce the morphological complexity of
leaves in wild-type and Me or Cu mutant leaves. Hay
et al. [2] found that the tomato gene LeGA20ox1,
which encodes a gibberellin 20-oxidase, is expressed
at a lower level in Me and Cu mutants. The increased
morphological complexity of leaves in Me mutants is
suppressed by constitutive gibberellin signaling.
These results indicate that, in developing leaves, the
repression by KNOX proteins of genes encoding
enzymes of gibberellin biosynthesis contributes to the
complexity of the mature leaf form. A further possibil-
ity is that elaborations of this mechanism may have
contributed to the evolution of more complex leaf
morphologies in other plants.
The relationship between KNOX expression and
final leaf morphology is not clear cut. Bharathan et al.
Figure 1. Different leaf forms of higher
plants.
From left to right: a simple tobacco leaf, a
simple Arabidopsis leaf and a complex
tomato leaf.
Figure 2. Models for KNOX-dependent
repression of gibberellin levels in
developing leaves.
(A) In a simple-leaved plant, a Phan ortho-
logue negatively regulates KNOX gene
expression. In the absence of KNOX gene
expression, gibberellin biosynthesis is not
down-regulated in developing simple
leaves. (B) In Arabidopsis, the Phan-like
AS1 gene negatively regulates KNAT1 and
gibberellin biosynthesis is not down-regu-
lated. (C) In tobacco, it is likely that
NtPhan negatively regulates NTH15 per-
mitting gibberellin biosynthesis in devel-
oping simple leaves. (D) In tomato, LePhan
does not negatively regulate Tkn2 expres-
sion. Tkn2 down-regulates LeGA20ox1
gene expression, repressing gibberellin
biosynthesis in developing complex
leaves. (E) Final leaf morphology cannot
be inferred from patterns of KNOX gene
expression alone. KNOX genes that are
not targets of negative regulation by Phan
genes may repress gibberellin biosynthe-
sis in complex leaves early in develop-
ment. Complex leaves may develop into
simple leaves later in development.
GA20
oxidases
GA20
oxidases
Simple
leaves
Simple
leaves
Simple
leaves
Complex
leaves
Simple
leaves
Complex
leaves
Or
Complex leaf
primordia
Phan AS1 LePhanNtPhan Phan
Arabidopsis Tobacco Tomato
KNOX KNAT1 NTH15 Tkn2 KNOX
AtGA20ox1 Ntc12 LeGA20ox1
GA GA GA GA GA
Current Biology
A B C D E
[3] examined KNOX expression in shoot apical meris-
tems in species of the genus Lepidium that have
complex or simple leaf forms. They found that
complex leaf morphologies were associated with
KNOX expression in developing leaves, but not all
simple leaves developed in the absence of KNOX
expression. Interestingly, plants were identified where
simple leaves had developed from complex forms
earlier in development. It seems that final leaf mor-
phology cannot be inferred from the pattern of KNOX
expression alone (Figure 2).
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